Rock surface erosion by wildfire is significant and widespread but has not been quantified in southern California or for chaparral ecosystems. Quantifying the surface erosion of bedrock outcrops and boulders is critical for determination of age using cosmogenic radionuclide techniques, as even modest surface erosion removes the accumulation of the cosmogenic radionuclides and causes significant underestimate of age. This study documents the effects on three large granitic boulders following the Esperanza Fire of 2006 in southern California. Spalled rock fragments were quantified by measuring the removed rock volume from each measured boulder. Between 7% and 55% of the total surface area of the boulders spalled in this single fire. The volume of spalled material, when normalized across the entire surface area, represents a mean surface lowering of 0.7-12.3 mm. Spalled material was thicker on the flanks of the boulders, and the height of the fire effects significantly exceeded the height of the vegetation prior to the wildfire. Surface erosion of boulders and bedrock outcrops as a result of wildfire spalling results in fresh surfaces that appear unaffected by chemical weathering. Such surfaces may be preferentially selected by researchers for cosmogenic surface dating because of their fresh appearance, leading to an underestimate of age.
Introduction
Wildfire exerts significant geomorphic change on a landscape. One such change is exfoliation of boulders, commonly observed after wildfires. In this phenomenon, flakes of rock become detached from the boulder or outcrop. Rocks spall when thermal expansion exceeds the tensile strength of the rock. Granitic rocks subjected to rapid heating spall at temperatures of 3007-3757C in laboratory simulations, but they are unaffected by rapid heating up to 2007C and by slow heating up to 8007C (Blackwelder 1927) . Granitic rocks containing 20% or more quartz are particularly susceptible, as quartz, when heated from room temperature to 5707C, experiences volume expansion of 3.76% (Freeman et al. 1963; Winkler 1973) .
Fire-induced spalling has been recognized previously and reported qualitatively (Blackwelder 1927; Emery 1944; Bierman and Gillespie 1991) . In a wildfire within the Great Basin Sagebrush Community, approximately half of the surface area of some boulders had spalled, although only 5% of boulders showed spalling (Bierman and Gillespie 1991) , while in a chaparral wildfire more than 50% of the boulder surfaces were estimated to have been removed by spalling (Emery 1944) . Two studies have quantified erosional losses of rocks due to wildfires (Zimmerman et al. 1994; Dorn 2003) . To this point, no research has quantified fire-induced rock spalling in the chaparral landscapes of southern California.
This setting is particularly relevant because of the wide extent of chaparral in southern California (Fried et al. 2004 ). In addition, numerous faults traverse this landscape ( fig. 1 ). Cosmogenic radionuclide (CRN) dating of boulders and rock outcrops is often used to constrain the timing of fault movement and landscape development. The importance of spalling as a rock erosional process is particularly relevant to CRN dating. Previous studies have emphasized the significance that wildfire erosion would have on CRN dating of rock surfaces (e.g., Gillespie 1987; Bierman and Gillespie 1991) . In spite of these prior studies, many CRN ages continue to be calculated The burn region of the Esperanza Fire is shown in orange. The darker orange color delineates the initial burn area, in the first 18 h of the fire. The study area is shown by the white circle. Faults are modified from Matti et al. (1992) . Chaparral distribution is modified from Kuchler (1977) . Esperanza Fire perimeter is from V. Ambrosia (NASA; personal communication, 2013 ; http://rmgsc.cr.usgs.gov/outgoing/GeoMAC/historic_fire_data/). b, Aerial view of the study site, shown in a as a white circle, with numbers designating the boulders studied. Boulders 1, 3, and 6 were studied in detail. The image, derived from Google Earth, is from ∼3 yr after the wildfire, and regrowth of vegetation accentuates the drainage system. 
Methods
Study Area. Our study area is on the northwestern side of the San Jacinto Mountains, at an elevation of 1165 m ( fig. 1 ). The bedrock is comprised of mafic tonolite to granodiorite (Hill 1988) . Soils and weathered bedrock in the area have been studied extensively (e.g., Graham et al. 1997) .
The sample site is a stable upland within a weathering granitic terrain. Boulder occurrences represent the resistant portion of the landscape, located on hilltop positions. The rocks discussed here were primarily located on one such hilltop, roughly 125 by 85 m in aerial extent. The site was selected because it is representative of the larger region and is accessible. The orientation of the largest boulders aligns with primary jointing and indicates that they are weathering in place as exhumed corestones rather than having experienced transport. Many-if not most-of the rocks observed in this study area are not detached from the underlying bedrock. In landscape positions between these resistant bedrock outcrops and associated boulders, weathered bedrock (saprock) extends to depths as great as 3 m (Graham et al. 1997) . For ease of discussion, we will refer to these partially exhumed corestones as boulders.
The vegetation at the site is a chaparral community, consisting of chamise, Eastwood manzanita, and cupleaf ceanothus (Graham et al. 1997) . The vegetation was mature in 2006 at the time of the wildfire, reaching heights of 1.5-2 m, and is very dense ( fig. 2) . Repeat aerial photography, beginning in 1938, shows that the study site had not burned since about 1920 (R. Minnich, personal communication, 2013) .
The Esperanza Fire occurred in October 2006 during a period of high winds associated with the Santa Ana wind regime in southern California. Four years of drought (1999) (2000) (2001) (2002) were followed by 3 yr of normal precipitation (2003) (2004) (2005) in the area prior to the fire. The fire was initiated at its eastern end ( fig. 1 ) and burned until full containment 5 d later. The fire was extremely fast moving, burning ∼97 km 2 in the first 18 h. The length of the fire at a duration of ∼10 h was 16 km; a computer simulation model of the fire with rates of spread ranging from 0.2 to 1.6 m/s somewhat underestimated the actual fire dimensions (Coen and Riggan 2014) . Thermal imaging was collected during the fire using airborne remote sensing (Riggan et al. 2010; Coen and Riggan 2014) . This imaging showed that the highest fuel loads, associated with vegetation greater than 50 yr old, corresponded with the highest temperatures. At its containment, the fire had burned more than 163 km 2 (Esperanza Investigation Team 2007).
Within our study area, the Esperanza Fire falls within the definition of a high-severity chaparral fire, resulting in an extensive white ash layer and having a previously dense stand of chaparral burned to stubs (DeBano et al. 1998, p. 89) . A similarly burned chaparral landscape reached 7007C at the soil surface and 2507C at a depth of 2.5 cm in the soil (DeBano et al. 1979 (DeBano et al. , 1998 . Other measurements of chaparral wildfires record temperatures up to 11007C (Mooney and Parsons 1973) .
Measurement Approach. To understand the effect of the Esperanza Fire on granitic boulders, we quantified the erosion caused by spalling. We directly measured the volume of rock material removed on the surface of the boulders rather than on the ground. By this approach, we could account for even the thinnest spalls. In our study area, only the thicker spalled fragments were still intact on the ground surrounding the boulder. By the time our measurements were made, 11 mo after the fire, thinly spalled material could not be readily distinguished from older grus surrounding the boulder, so the approach used by Zimmerman et al. (1994) -measuring spalled rock flakes on the ground-would have significantly underestimated the erosional effect of the wildfire. By measuring the spalled area and volume (missing surface material) on the rock itself, we can account for a more complete erosional volume. We also documented and measured rock spalls that were still attached, although quite fragile. Similarly, Emery (1944) , in a postfire investigation, noted the presence of detached spalls that had not yet fallen clear of the rock mass.
We made reconnaissance observations on nine boulders; eight ranged in height between 0.5 and 2 m, and one was 4.5 m high. From this initial set of boulders, we selected three for more detailed study. These three boulders were chosen because we determined that they were representative of the degree of fire-generated surface erosion for this site. Additionally, because these boulders were located on low-angle slopes, the potential effect of slope gradient on wildfire intensity was minimized. On this subset we measured the total volume of missing rock that was removed from the boulders after the passage of the burn front. The areas of removed rock were obvious because of the stark contrast between the fresh granitic rock and the unspalled charred surface (fig. 3) . In addition to measurement of the rock fragments that were missing from the boulder surface, we measured platy fragments that we determined to be extremely fragile and likely to fall within a few seasons. These fragments had separated from the rock face but were still partially attached. Width, length, and depth measurements were collected. The depth of each missing fragment was measured along the edge of the spall and at multiple locations if it was uneven. Because the spall is likely thicker in the middle, where a depth could not be measured, the resulting volumes are likely minimum values only. Each spalled area was simplified to either a rectangular or circular shape, as appropriate, to calculate area. We estimate a 20% uncertainty in the measurement of area. This accounts for simplifying irregular shapes to a rectangle or a circle. This measure of area was combined with the average depth of that spall to calculate spalled volume. Photogrammetry was used to calculate the total boulder surface area. Multiple targets were affixed to the boulders, and then numerous photos were taken from all angles. These were used to create a model of the boulder, using PhotoModeler software. Although a detailed survey was not conducted, a review of photography from our field investigations suggests that more than 90% of all boulders experienced spalling in this wildfire.
Results
Spalling ranged from 7% to 55% of the exposed surface area of the three boulders studied in detail (table 1). This included the rock fragments that we anticipated would be completely separated within a short time. We observed that the thickness of spalling was greatest on the flanks of the boulders, although this was not quantified. The uppermost portion of each rock was dominated by thin spalls that were ∼1 mm deep. The height of the charred surface extended to the top of all observed boulders with the exception of the largest one documented, where char height was 404 cm on a 438-cm-high boulder.
Discussion
Rate of Rock Erosion by Fire Spalling. Our qualitative observations suggest that the thickness of spalling varies with position on the rock, with the thickest spalls occurring on the lower flanks of the boulders. This is consistent with the differential stress conditions created by longer burning times where vegetation fuel loads are highest. The limbs of the shrubs generally grow up along the boulder flanks. These limbs generate more heat for a longer time interval than the smaller branches, which are in contact with the upper sides and sometimes the tops of the boulders.
We use the amount of surface erosion of the measured boulders in this single wildfire to estimate the interval of time at which the entire boulder surface may refresh by cumulative spalling. On the boulders studied in detail, the amount of surface erosion varied between 7% and 55% of the total surface area. This suggests that, on average, the entire surface of these rocks would be removed in the time represented by 2-14 fires. Chaparral vegetation attains a closed canopy within 5-20 yr after burning and full height maturity within 40 yr (Minnich and Chou 1997) . Fire suppression in southern California has been practiced since 1900 (Minnich 1983) . Estimates of presuppression fire intervals in chaparral range from 10 to 40 yr, while a regional fire-recurrence interval of 58-77 yr has been shown for the period since 1920 (Minnich and Chou 1997) . We utilize an average return interval of 50 yr (Chou et al. 1993) to suggest that the entire rock surface might be refreshed in 100-700 yr (e.g., 2-14 wildfires with an average return time of 50 yr). It must be noted, though, that because the distribution of spalling is not uniform in our observations of this wildfire, as discussed above, the surface of the boulder may not be uniformly refreshed over multiple wildfires.
The average thickness of the removed rock when distributed to the entire exposed area of the rock represents a mean surface lowering of 0.7-12.3 mm for this wildfire. As discussed, because of the measurement of thickness on the edge of the removed fragment, this value is considered a minimum. In comparison, Zimmerman et al. (1994) report an average surface erosion of 0.39 mm of the entire rock surface area in wildfire within a sagebrush ecosystem. Dorn (2003) reports greater than 42 mm of erosion for the diorite boulders in his study, located in the temperate evergreen needleleaf woodland (Kuchler 1964) in central Arizona, although the methodology used in calculating both the total surface area of each rock and the volume of eroded material is not clearly explained. The wide range of values for surface erosion calculated for the chaparral in southern California would likely be better constrained with further postfire measurements following future chaparral wildfires. If these rock-surface-lowering values from the Esperanza Fire are assumed to represent a typical fire effect and are multiplied by 20 fires per 1000 yr (fire recurrence interval of 50 yr), then the rock erosion rate would range from 14 to 246 mm/k.yr. The high end of this range exceeds reported erosion rates based on 10 Be concentration in bedrock surfaces (e.g., Portenga et al. 2011 ) and does not seem to be a reasonable sustainable rate for this landscape. Our next consideration is whether the Esperanza Fire might be considered a typical chaparral wildfire.
Relation to Fire History. To evaluate the likelihood of this amount of erosion over longer terms, we need to consider the possible departure of the Esperanza Fire from an average chaparral wildfire. The rock-erosion effects of the Esperanza Fire may not represent those of all past wildfires in chaparral, but they likely reflect the erosion associated with a proportion of the prehistoric events. When ignition occurs in the absence of drought conditions and with high humidity and strong winds, wildfire can move rapidly through the chaparral, burning the brush canopy without delivering high temperatures to the ground surface. This effect occurs because the moist fuels in high-humidity conditions absorb thermal energy in latent heat exchange. In this situation, the severity of the chaparral wildfire would be considered low or moderate, and the temperatures that would be experienced by the lower boulders would be significantly less. Temperatures in low-and moderate-severity wildfires in chaparral have been measured at 2257 and 4307C, respectively (DeBano et al. 1998) . Granitic rocks exposed to lowseverity wildfires would be expected to experience a decrease in their modulus of elasticity (Goudie et al. 1992; Allison and Goudie 1994; Allison and Bristow 1999) , likely as a result of microfracturing, but may not exhibit extensive spalling (Blackwelder 1927) .
Prior to the current public policy of fire suppression, wildfires in chaparral occurred during a variety of wind and humidity conditions, resulting in Figure 4 . a, Bedrock flange surrounding boulder. Numerous spall remnants are present, to distance indicated by hand. b, Photo showing layered morphology. Layers of exfoliated, spalled surfaces are preserved on the sides of these adjacent boulders near their base. The preservation of these spalled but still attached layers may be due to the protected position between these boulders. A color version of this figure is available online. many fires that were slow moving (Minnich 1987) . These fires would last for weeks and months, were small in area compared with recent extreme wildfires, and resulted in a patchwork of chaparral stands of differing ages (Minnich 1987; Goforth and Minnich 2007) . The slow-moving wildfires are characterized by braided, reticulate configurations with numerous islands of unburned cover (Minnich and Chou 1997) . Fires of this regime-documented in Baja California, where fire suppression is minimalare observed to have overall lower intensities (Minnich and Chou 1997) .
Following the implementation of fire-suppression policy, slow-moving wildfires are extinguished and only very fast-moving wildfires escape control. This favors wildfires that occur during Santa Ana wind conditions, with moderate to high wind speeds and extremely low humidity. These dry, hot winds that originate in the Mojave Desert begin in the fall months, at the end of the dry period in the Mediterranean climatic zone. This corresponds to the time of lowest moisture in the chaparral. In addition, certain regions in southern California are favored for large, very intense wildfires as a function of local topography. The study area is one such region. It is positioned to receive the Santa Ana winds that flow through the San Gorgonio Pass and are diverted to the north around Mount San Jacinto (Moritz et al. 2010 ).
While precise interpretation of fire history is impossible, it is evident that spalling has been an ongoing process in the study area. There are examples of spalled but still-attached rock fragments that appear as a layered morphology on some boulders ( fig. 4b) . In many cases, a sequence of these spalled layers can be observed extending away from the base of the boulder as a broad flange ( fig. 4a) . Each of these layers is between ∼0.5 to 2 cm thick, and they are progressively weathered and decrease in definition as a function of distance from the boulder.
Implications for Cosmogenic Dating. The effect of wildfire on erosion of bedrock surfaces has been documented by previous researchers (e.g., Blackwelder 1927; Emery 1944; Gillespie 1987; Bierman and Gillespie 1991; Zimmerman et al. 1994; Dorn 2003) , and Gillespie (1987) and Bierman and Gillespie (1991) emphasized the significance that this wildfire erosion would have on CRN dating. In spite of this research, much of the CRN dating continues to assume zero to very low rates of bedrock erosion. Matmon et al. (2005) utilized CRN dating to constrain the ages of fans offset along the San Andreas fault. They found a rock erosion rate that ranged between 17 and 160 mm/ k.yr., calculated by measuring both 10 Be and 26 Al on bedrock outcrops within their study area. These researchers point out that the saturation of CRN concentration occurs when the production is balanced by decay and erosion. For an erosion rate of 20 mm/k.yr., saturation occurs at ∼50 ka (Matmon et al. 2005) .
The range of rock erosion rates estimated in the Esperanza Fire (14-246 mm/k.yr.) is similar to the range of erosion rates reported by Matmon et al. (2005) . Erosion by fire is only one of a number of erosional processes operating in this setting, but it is one that strongly impacts bedrock outcrops and boulders. If even one out of 10 fire events was as severe as the Esperanza Fire, the effects of rock spalling would significantly restrict the time period over which 10 Be is a useful dating technique ( fig. 5 ). Figure 5 demonstrates that erosion of rock surfaces significantly affects our ability to date these surfaces. At rock surface erosion rates of 30 mm/k.yr., we are unable to determine the age of the boulder accurately by measuring a single nuclide because of the contrasting processes of nuclide accumulation and removal. 10 Be nuclide concentration in rock outcrops and boulders at the study site, based on calculations from the Chronus-Earth online calculator (Balco et al. 2008 and equations therein) . Erosion rates (mm/k.yr.) are shown by each curve. The horizontal dashed line provides an example of the effect of surface erosion on age determination. The assumption of no erosion would suggest an age of 20 ka. Erosion rates of 10 and 20 mm/k.yr. lead to age determinations of 25 and 35 ka, respectively. At 30 mm/k.yr., this 10 Be concentration does not yield a unique age, due to the balance between accumulation of signal and removal by surface erosion.
Sampling of boulders or bedrock outcrops in a chaparral community for CRN dating needs to be done with consideration of the effects of wildfire on the rock surfaces. The height of the effects of the wildfire significantly exceeds the height of the prefire vegetation. All but one of the boulders measured had been overtopped by the char and spalling level. A char line at 404 cm on the remaining boulder suggests that the height of the flame line was twice that of the vegetation. This is confirmed by measurements made immediately after the wildfire, where it was independently estimated that flame height was approximately 15 feet (4.6 m) at a location to the northeast of our study site (Esperanza Investigation Team 2007, p. 51) . Thus, no part of a 4-m-high boulder is necessarily protected from the enhanced erosion caused by fire spalling. Wildfire spalling exposes fresh rock surfaces; because the spalling occurs as exfoliation, the curvature of the boulders and outcrops is maintained and possibly enhanced. These characteristics can falsely lead researchers to conclude that these surfaces are especially suited for CRN dating.
Consideration also needs to be given to the fact that Pleistocene-era vegetation communities were different from Holocene and Recent vegetation, a function of different climatic conditions (Minnich 2007) . CRN dates calculated for surfaces spanning these intervals need to consider the entire history of vegetation type and the associated effects on fire behavior and rock surface erosion.
Conclusions
Chaparral wildfires represent a significant erosional process for bedrock and boulders. In the Esperanza Fire, between 7% and 55% of the total exposed surface area was spalled to a depth of 11-24 mm on the boulders investigated. When normalized across the entire surface area of the boulder, the depth of erosion ranged from 0.9 to 10 mm. The height of the fire effects, including charred rock surfaces and spalling, significantly exceeded the height of the prefire vegetation at this site. Although the Esperanza Fire may not be a typical event, we propose that it is not unprecedented for the study area, given its location downwind from the San Gorgonio Pass. This amount of erosion leads to an underestimation of the age calculated by CRN dating by direct removal of rock surfaces. Although additional postwildfire measurements will be needed to develop a more robust data set, these results suggest that sampling for CRN dating needs to consider and account for the effects of wildfire boulder erosion.
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